Introduction {#sec1}
============

Tocagen has developed a retroviral replicating vector (RRV) system that allows preferential viral replication in tumor cells.[@bib1] Toca 511 (vocimagene amiretrorepvec) is an investigational RRV that encodes a prodrug activating gene (optimized yeast cytosine deaminase, yCD2). Toca 511 infects and spreads in tumors. A prodrug 5-fluorocytosine (5-FC) is then administered leading to local production of high concentrations of the anti-cancer drug 5-FU only in infected cells. In clinical trials, 5-FC is administered as an investigational, extended-release tablet called Toca FC. This treatment regimen has shown favorable safety and tolerability profiles in addition to durable responses associated with shrinkage and stable disease by independent radiologic review of serial MRI brain scans in patients receiving higher doses of Toca 511 in phase 1 trials. Patients showed durable survival advantages compared to historical controls, especially in those with radiologic responses and stable disease.[@bib2] Toca 511 in combination with Toca FC is currently under investigation in an international, multicenter, randomized phase 2/3 trial in patients with recurrent high grade glioma (NCT02414165).

RNAi via either microRNA (miRNA) or small interfering RNA (siRNA) is an evolutionarily conserved biological process utilizing endogenously processed double-stranded RNA of 21--25 nucleotides in length to inhibit gene expression. The guide strand of the processed siRNA is incorporated into an RNA induced silencing complex (RISC) and binds to the target mRNA. The formation of the RNA duplex results in the downregulation of gene expression, either by repression of protein translation or by degradation of mRNA, depending on the degree of mismatch between the RNA incorporated onto the RISC and its target mRNA. The silencing efficiency is known to be influenced greatly by the sequence as well as the extent of siRNA expressed intracellularly or delivered exogenously.[@bib3], [@bib4] Although therapeutic applications of RNAi have been reported in both pre-clinical and clinical settings,[@bib5], [@bib6], [@bib7] efficient delivery of synthetic siRNA molecules to various organ tissues or endogenous expression of shRNA in targeted organ tissues in vivo remains a barrier to implementation.[@bib4], [@bib8]

The use of small hairpin RNA (shRNA) designed to express intracellularly was implemented as a tool to overcome some of the delivery issues that exogenous siRNA delivery methods encountered including duration of inhibition and induction of undesirable immune response.[@bib3], [@bib9], [@bib10] With increasing understanding of miRNA processing, Zeng et al. first demonstrated that artificially designed miRNA derived from miRNA-30 (miRshRNA) can function as siRNA.[@bib11], [@bib12] Several groups compared the biological process and function between shRNA versus miRshRNA and reported that miRshRNA are processed more efficiently than shRNA and have less cytotoxicity linked to saturation of endogenous RNAi machinery.[@bib10], [@bib13], [@bib14], [@bib15] Since the development of the miRshRNA configuration, it has been widely incorporated into non-viral expression vectors as well viral vectors,[@bib13], [@bib16], [@bib17], [@bib18], [@bib19] Schaser et al. have previously shown the feasibility of incorporating a single miRshRNA cassette into a MLV-based RRV and observed anti-tumor function in vivo.[@bib18] However, the vector designed was limited to the commonly used U6 promoter miRshRNA cassette, and vector characterization was also limited in the report. Thus, the generality of this result remains untested. In this study, we investigated the possibility to incorporate different miRshRNA cassettes using different promoters. We also investigated the possibility to generate a combinatorial RRV that contains two therapeutic agents. We characterized the RRVs by assessing their vector stability, replication kinetics, and downregulation activity. Importantly, we showed in vitro that RRV expressing miRshRNA targeting *PDL1* effectively restored immune activation suppressed by PDL1+ tumor cells and demonstrated bio-equivalency compared to anti-PDL1 antibody treatment. Given the reported favorable safety profile of Toca 511,[@bib2] immune modulation within the tumor microenvironment by cancer-selective RRV-miRPDL1 as opposed to systemic delivery of clinically approved anti-PD1 and anti-PDL1 antibodies may offer clinical potential alone or in combination with other therapeutic agents to help activate the immune system.

Results {#sec2}
=======

MicroRNA30-Based shRNA Expressed by RRV Has Higher Potent Gene Downregulation Activity than Conventional shRNA {#sec2.1}
--------------------------------------------------------------------------------------------------------------

MicroRNA30-based shRNA (miRshRNA) encoded in expression plasmid DNA was shown to have higher gene downregulation activity than conventional shRNA.[@bib20], [@bib21] In this study, we first asked which miRshRNA expression configuration works best from RRV. We generated human U6 promoter driven-MLV-based RRV expressing conventional shRNA (RRV-shGFP) or microRNA30-based shRNA (RRV-miRGFP) targeted to GFP ([Figure 1](#fig1){ref-type="fig"}). We tested two sequences (shGFP1, shGFP2, miRGFP1, and miRGFP2) that have been reported to have at least 75% GFP downregulation activity.[@bib18], [@bib22] RRVs were produced by transient transfection in 293T cells, and viral titer values were determined on PC3 cells by qPCR as previously described[@bib23] ([Table S1](#mmc1){ref-type="supplementary-material"}). The GFP downregulation activity was evaluated and quantified by flow cytometric analysis during a 30-day course of infection in U87-MG cells stably expressing high levels of GFP. Our data showed that at a MOI of 0.1, all four constructs were able to achieve at least 50% downregulation activity as early as day 6 post infection. However, \>75% GFP downregulation activity was observed only with RRV-miRGFP2, and the downregulation activity persisted up to 30 days in culture ([Figure 2](#fig2){ref-type="fig"}A). GFP downregulation activity in the higher MOI did not further improve when cells were infected with a MOI of 1 or 10 ([Figure S1](#mmc1){ref-type="supplementary-material"}), suggesting that the amount of siRNA produced in cells initially infected with a MOI of 0.1 was sufficient to downregulate GFP expression. Although RRV-shGFP1 appears to be more potent than RRV-shGFP2, and the difference in downregulation activity observed between the two vectors was further confirmed using a human H1 promoter ([Figure S2](#mmc1){ref-type="supplementary-material"}), opposite trending was observed between RRV-miRGFP1 and RRV-miRGFP2 ([Figure 2](#fig2){ref-type="fig"}A). Also, in contrast to RRV-shGFP1 and RRV-U6-miRGFP1, which showed similar GFP downregulation activity, a significant difference in downregulation activity was observed between RRV-shGFP2 and RRV-miRGFP2. To ensure that the difference in downregulation activity between the two vectors was not due to emergence of a deletion mutant during viral replication, end-point PCR using primers spanning the U6 promoter-shGFP and U6 promoter-miRGFP cassette of viral genome was performed from genomic DNA of infected cells 30 days post infection ([Figure 2](#fig2){ref-type="fig"}B). Together, the data suggest that the miRshRNA configuration appears to be more potent than conventional shRNA.

To further extend the observation that miRshRNA configuration has better downregulation activity than shRNA configuration of the matching sequence in RRV, we generated additional four matching pairs of siRNA sequences in shRNA and miRshRNA configurations targeted to human *IDO-1*, *PDL1*, and *TGF*-*β2*, key factors known to play an immune suppressive role in the tumor microenvironment. For these targets, the human glioma LN-18 cell line was used to evaluate downregulation activity due to its high expression level of IDO-1, PDL1, and TGF-β2 with or without induction by IFNγ ([Figure S3](#mmc1){ref-type="supplementary-material"}). Similar to the observation made with RRV-shGFP and RRV-miRGFP vectors bearing the U6 promoter, the miRshRNA configuration consistently has higher downregulation activity than the shRNA configuration in all four targets tested ([Figure S4](#mmc1){ref-type="supplementary-material"}; [Tables S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}).

miRshRNA Expressed by RRV Does Not Trigger Type I Interferon Response {#sec2.2}
---------------------------------------------------------------------

We have previously shown that in vitro RRV does not trigger type I interferon (IFN) response.[@bib24] However, type I IFN response induced by synthetic siRNA has been reported and also in some cases in which siRNA are processed intracellularly from shRNA.[@bib10], [@bib25] One of the advantages of generating siRNA from the miR30-derived shRNA backbone is potential further minimization of type I IFN response.[@bib9], [@bib10] To determine whether miRshRNA expressed by RRV triggers type I IFN response, we used U87-MG cells which have previously been shown to be functional in producing type I IFN and responsive to type I IFN.[@bib24] In this experiment, we infected U87-MG cells at a MOI of 0.1, 1, and 10 and obtained the cellular RNA 16 hr post infection. We then measured the gene expression of 2′5′-oligoadenylate synthetase 1 (*OAS1*), which is commonly used as an indicator for cellular type I IFN response. [Figure 2](#fig2){ref-type="fig"}C showed that U87-MG cells treated with exogenous IFNα induced OAS1 gene expression by more than 25,000-fold compared to naive U87-MG cells. As previously reported,[@bib24] U87-MG cells infected with RRV-yCD2 (aka Toca 511) did not induce an IFN response that leads to robust induction of *OAS1* expression as indicated by minimal change of OAS1 gene expression within 2-fold. Likewise, neither RRV-shGFP nor RRV-miRGFP induced IFN responses in U87-MG cells ([Figure 2](#fig2){ref-type="fig"}C). In addition, we have indirectly shown that RRVs containing various miRshRNA sequences targeted to *IDO-1* and *PDL1* or *TGF-β2* also did not trigger IFN response in U87-MG cells nor in LN-18 cells as indicated by their viral replication kinetics (data not shown).

RRV-miRPDL1 Replicates Efficiently in LN-18 Cells and Has Potent Downregulation Activity against PDL1 {#sec2.3}
-----------------------------------------------------------------------------------------------------

After confirming that the miRshRNA configuration has higher downregulation activity than shRNA configuration using several targets, we chose one of RRV-miRPDL1 vectors that exhibited potent PDL1 downregulation activity screened in LN-18 cells. We first demonstrated that the replication kinetics of RRV-miRPDL1 is slightly delayed, but not statistically significant (p = 0.1915) compared to that of RRV-yCD2 in LN-18 cells ([Figure 3](#fig3){ref-type="fig"}A). The viral replication kinetics also allowed us to determine the time needed for virus to reach maximally infectivity for evaluating gene downregulation activity. [Figure 3](#fig3){ref-type="fig"}B shows that infection of RRV-miRPDL1 in LN-18, of which PDL1 expression was further induced by exogenous IFNγ, potently downregulated PDL1 gene expression. PDL1 downregulation activity at the protein level by RRV-miRPDL1 was also measured and quantified by flow cytometric analysis. Our results showed that RRV-miRPDL1 not only effectively downregulated *PDL1* RNA expression, it also effectively downregulated PDL1 protein expression by more than 75% ([Figures 3](#fig3){ref-type="fig"}C and 3D). In addition, our data showed that RRV-miRPDL1 genome remained stable in LN-18 cells over time, as no detectable deletion mutant was observed at day 30 post infection ([Figure 3](#fig3){ref-type="fig"}E). Altogether, our data indicate that RRV-miRPDL1 bearing the U6 promoter displays similar functional viral characteristics (replication kinetics, titer values, and vector stability) as RRV-yCD2, and that it produces functional siRNA that can effectively downregulate targets of interest.

RRV-H1-miRPDL1 and RRV-RSV-miRPDL1 Show Equivalent PDL1 Downregulation Activity as RRV-miRPDL1 {#sec2.4}
----------------------------------------------------------------------------------------------

Endogenous miRNAs are normally transcribed by RNA polymerase II. Design of a Pol II promoter-miRNA configuration has been incorporated in some commercially available miRNA expression vectors presumably to mimic natural miRNA expression or to facilitate tissue-specific expression. We therefore replaced the human U6 promoter in RRV-miRPDL1 with a Pol II promoter from Rous sarcoma virus (RSV). In addition, we also generated an RRV-H1-miRPDL1 utilizing the human Pol III H1 promoter. As expected, the titer produced from RRV-H1-miRPDL1 and RRV-RSV-miRPDL1 were comparable to RRV-miRPDL1 ([Table S1](#mmc1){ref-type="supplementary-material"}), and the viral replication kinetics among the three vectors were similar in LN-18 cells ([Figure 4](#fig4){ref-type="fig"}A) with no detectable deletion mutants observed during the course of viral replication ([Figure 4](#fig4){ref-type="fig"}B). Most importantly, PDL1 downregulation activity among the three vectors was also comparable in LN-18 cells ([Figure 4](#fig4){ref-type="fig"}C). Together, the data indicate that miRNA-based shRNA with a Pol II or Pol III promoter can be incorporated into an RRV genome and be efficiently expressed and processed to engage the RNAi pathway.

RSV-yCD2miRPDL1 and RSV-yCD2-U6-miRPDL1 Show Comparable yCD2 Protein Expression as RSV-yCD2, but Less PDL1 Downregulation Activity than U6-miRPDL1 and RSV-miRPDL1 {#sec2.5}
------------------------------------------------------------------------------------------------------------------------------------------------------------------

Our recent data indicate that the mechanism of action of Toca 511 in combination with 5-FC is the cytotoxic effect of 5-FU on both tumor cells and tumor-associated immunosuppressive myeloid cells, resulting in potentiation of immune-modulated anti-tumor effects in a syngeneic mouse model (Mitchell et al., 2016, unpublished data). To further extend the immune-modulated therapeutic effect of Toca 511, we sought to express both yCD2 and miRPDL1 in RRV as a combinatorial therapy. Due to size limitation in the MLV viral genome,[@bib26] and given that the RSV-miRPDL1 has equivalent downregulation activity as U6-miRPDL1, the IRES-yCD2 cassette in Toca 511 in which the yCD2 protein expression is mediated, an internal ribosomal entry site (IRES) was replaced with a RSV-yCD2 cassette in order to provide space to incorporate the miRPDL1 sequence into the viral genome. In this construct (RSV-yCD2-miRPDL1), the size of the cassette is approximately 1.1 kb, and the construct is designed so that the RSV promoter drives the expression of both the yCD2 gene and the miRPDL1 as a single transcript which mimics the way endogenous miRNAs are arranged in the host genome. In this configuration, the transcript pool, theoretically, is partitioned into two sub-pools. One sub-pool presumably stays in the nucleus and undergoes miRNA processing, and another sub-pool is exported to the cytoplasm for yCD2 protein translation. In parallel, we also generated an additional RRV, which utilizes separate promoters to drive yCD2 and miRPDL1 expression. The size of the RSV-yCD2-U6-miRPDL1 cassette is approximately 1.4 kb, approaching the upper limit that the MLV viral genome can tolerate. In this configuration, yCD2 gene expression is driven by the RSV promoter, while the miRPDL1 is driven by the U6 promoter. We compared the two constructs to that of the RSV-yCD2 and RSV-miRPDL1 for their yCD2 protein expression and PDL1 downregulation activity, respectively.

Our data showed that viral replication kinetics of RRV-RSV-yCD2miRPDL1 and RRV-RSV-yCD2-U6-miRPDL1 in LN-18 cells are slightly delayed, but not statistically significant compared to that of RRV-RSV-yCD2 (p = 0.0649 and p = 0.0801, respectively) ([Figure 5](#fig5){ref-type="fig"}A). Unsurprisingly, a deletion mutant was readily detectable with RRV-RSV-yCD2-U6-miRPDL1 in LN-18 cells at day 14 post infection ([Figure 5](#fig5){ref-type="fig"}B). Noticeably, a similar result was observed in another combinatorial construct, RRV-RSV-yCD2-U6-miRIDO1 (data not shown), suggesting the genome instability observed is likely due to the size of the insert. The yCD2 protein expression level and PDL1 downregulation activity of the two constructs were also evaluated in maximally infected LN-18 cells. As might be expected, the yCD2 protein expression of RRV-RSV-yCD2 is less than that of RRV-yCD2, as the yCD2 protein translation mediated by IRES can occur from both unspliced and spliced viral genomes ([Figure 5](#fig5){ref-type="fig"}C). Also as expected, yCD2 protein expression levels in both RRV-RSV-yCD2-miRPDL1 and RRV-RSV-yCD2-U6-miRPDL1 is further decreased compared to that of RRV-RSV-yCD2 ([Figure 5](#fig5){ref-type="fig"}C). Furthermore, the PDL1 downregulation activity was markedly compromised in both constructs compared to that of RRV-miRPDL1 and RRV-RSV-miRPDL1 ([Figure 5](#fig5){ref-type="fig"}D). Together, the data suggest that although it is feasible to generate RRV to express two separate therapeutic entities from one promoter without compromising its viral genome integrity, therapeutic protein and miRshRNA expression may be reduced in such configurations.

RRV-miRPDL1 Restores PHA-Stimulated T Cell Activation and Shows Equivalence of PDL1 Blocking Antibody In Vitro {#sec2.6}
--------------------------------------------------------------------------------------------------------------

The notion that the PD1:PDL1 axis contributes to immune suppression in the tumor microenvironment has been established in both animal models and in cancer patients.[@bib27], [@bib28], [@bib29] Antibodies that disrupt either PD1 or PDL1 have had tremendous impact in patient outcomes, demonstrating the robust anti-tumor immune effects of these checkpoint inhibitors in an in vivo setting. Haile et al. described an in vitro co-culture system whereby suppression of PHA- stimulated PBMCs by allogeneic tumors could be reversed in a PDL1-dependent fashion with CD80-Fc fusion protein or with an anti-PD1 or anti-PDL1 antibody.[@bib30] To determine if RRV-miRPDL1-mediated downregulation of PDL1 on tumor cells could alleviate T cell suppression in practice, we performed a similar PDL1-mediated trans-suppression co-culture experiment. Here, we evaluated if modulation of PDL1 expression on various tumor cell lines could alter PHA-stimulated activation of healthy donor PBMC as measured by intracellular expression of IFNγ or release of IFNγ into the supernatant. We first set up a co-culture system using the melanoma cell line Mel 103, which has low PDL1 cell surface expression independent of exogenous IFNγ treatment, as well as the same cell line with stable overexpression of PDL1 ([Figure S5](#mmc1){ref-type="supplementary-material"}A). In this co-culture setting, secreted IFNγ measured by ELISA and intracellular IFNγ expression measured by intracellular cytokine staining were used to measure PBMC activation. When co-cultured with Mel 103 cells, IFNγ release by PHA-stimulated PBMC was only partially suppressed compared to PHA-stimulated PBMC alone, while intracellular IFNγ production remained unperturbed ([Figure 6](#fig6){ref-type="fig"}A). In contrast, when PHA-stimulated PBMCs were co-cultured with Mel 103 cells stably expressing high levels of PDL1, a marked reduction in the frequency of CD8+ T cells producing IFNγ, as well as bulk IFNγ release by PBMC was observed, suggesting a robust PDL1-mediated immune-suppressive effect ([Figures 6](#fig6){ref-type="fig"}A and [S5](#mmc1){ref-type="supplementary-material"}B). We next developed another trans-suppression co-culture system using the human glioma tumor cell line LN-18 cells whose PDL1 cell surface expression can be upregulated by exogenous IFNγ treatment. In this experiment, uninfected or RRV-miRPDL1 infected LN-18 cells were pre-treated with IFNγ to upregulate their PDL1 cell surface expression prior to co-culturing with PHA-stimulated PBMCs. Consistent with the data observed using Mel 103 and Mel 103/LV-PDL1 cells, co-culture of LN-18 cells pre-treated with IFNγ and expressing high levels of PDL1 suppressed PHA-stimulated PBMC activation. In contrast, downregulation of PDL1 by RRV-miRPDL1 in LN-18 cells restored immune activation as indicated by an increase in IFNγ production ([Figure 6](#fig6){ref-type="fig"}B).

To eliminate the potential pleiotropic effects of IFNγ pre-treatment in the trans-suppression co-culture assay, we used the human breast cancer cell line MDA-MB-231BR, which has a high PDL1 basal cell surface expression level ([Figure S6](#mmc1){ref-type="supplementary-material"}A). Consistent with data from LN-18 cells, RRV-miRPDL1 stably downregulates PDL1 cell surface expression in MDA-MB-231BR for at least 30 days after infection ([Figure S6](#mmc1){ref-type="supplementary-material"}A). Infection of MDA-MB-231BR with RRV-miRGFP, a control RRV expressing a non-PDL1 target, does not affect PDL1 cell surface expression and, importantly, does not alleviate the tumor-dependent, PDL1-mediated immune suppression of IFNγ+ CD8^+^ T cells. To confirm the necessity of PDL1 engagement in this assay, anti-PD1 and anti-PDL1 blocking antibodies were also included. PDL1^+^ tumor cells (MDA-MB-231BR cells infected with RRV-miRGFP) in the presence of an anti-PDL1 blocking antibody were unable to suppress CD8+ T cell activation as indicated by the increased frequency of IFNγ+/CD8+ T cells ([Figure 6](#fig6){ref-type="fig"}C). Similarly, downregulation of PDL1 in MDA-MB-231BR cells by RRV-miRPDL1 equally restored CD8^+^ T cell activation. While an anti-PD1 blocking antibody did not effectively restore CD8+ cell activation (likely due to an insufficient amount of blocking antibody), disruption of the PDL1:PD1 axis on tumor cells and lymphocytes either by RRV-miRPDL1-mediated downregulation or an anti-PDL1 blocking antibody provides evidence for a substantial immunological benefit from RRV-miRPDL1.

Discussion {#sec3}
==========

Effective delivery and persistence of RNAi-based products in target tissues has been an ongoing challenge for the use of RNAi-based therapeutic and research strategies. RRV have some properties, such as cell entry efficiency, tumor specificity, expected persistence, and a growing safety and drug activity record in humans that suggest that these delivery vectors could allow effective use of RNAi strategies. However, this potential utility has not been fully investigated to date. Among the unknowns are the RRV configurations that will allow significant reliable downregulation of targeted genes. We reasoned that this locally active modification of the tumor microenvironment presented opportunities to amplify pre-existing or nascent anti-tumor immune responses in environments that monoclonal antibodies cannot penetrate, and/or without the risk of systemic side effects, as have been seen with "checkpoint inhibitor" strategies with systemic administration of monoclonal antibodies against CTLA4, PD1/PDL1, or combinations thereof.[@bib31], [@bib32]

We present here a comparison of multiple configurations of RRVs that allow expression of shRNA or miRshRNA and subsequent processing to siRNA to optimize downregulation of key molecules involved in immune-suppression in the tumor microenvironment. In addition, we demonstrated the feasibility of using a Pol II promoter to drive expression of both coding and non-coding sequences with a single RRV vector, opening up the possibility of combining different forms of stimulation of anti-tumor immunity with RRV. We have further shown the potential functional utility of the levels of PDL1 downregulation achieved by an RRV expressing miRshRNA in PDL1^+^ tumor cells by restoration of immune activation in an in vitro co-culture setting. This immune restoration demonstrates the potential for functional activity of local inhibition of immune checkpoint activity in the tumor microenvironment. Furthermore, the level of restoration is shown to be similar to that achieved with an anti-PDL1 antibody. However, it is important to point out that such an in vitro system does not exactly mimic the tumor microenvironment in which infiltrating T lymphocytes present are antigen specific. In addition, in the allogeneic settings both in vitro and in vivo, the restoration of immune response varies among tumor cell lines, as well as PBMC from allogeneic donors presumably due to the level of HLA mismatch.[@bib33] Employment of antigen-specific tumor-infiltrating lymphocytes, syngeneic mouse model, or humanized mouse model system would be useful to support potential utilities for clinical use.

We have previously shown that RRV alone does not lead to type I IFN production from infected cells, and RRV particles can actively suppress type I IFN production.[@bib24] This is different from most viral vectors including lentiviral vectors.[@bib34], [@bib35] However, to rule out the possibility that persistent overexpression of miRshRNA with a 21-nucleotide fully complementary passenger strand could trigger a type I IFN response,[@bib36], [@bib37] we have demonstrated that neither shRNA nor miRshRNA expressed intracellularly triggers a type I IFN response when incorporated into the RRV genome. This observation is further extended by showing that RRVs containing miRshRNA of sequences targeted to *IDO-1*, *PDL1*, or *TGF-β2* have similar viral replication kinetics as Toca 511 (data not shown). Therefore, IFN-meditated inhibition of delivery and subsequent spread of RRV expressing miRshRNA seems unlikely to be an issue in research and clinical settings.

A further potential issue is that non-coding RNA sequences such as shRNA and miRNA in a retrovirus genome could introduce encrypted splice sites that cannot be removed for functional reasons. For example, processing and stability of miRNA30 could be affected by such changes. Therefore, we compared the vector stability of the RRV-H1-miRPDL1, RRV-RSV-miRPDL1, and RRV-miRPDL1 bearing different internal promoters. Our short-term vector stability data indicate that miRNA30-derived miRshRNA in general is stable in the RRV genome in various cell lines tested.

Another theoretical concern for RRV expressing non-coding RNA sequences, which undergoes RNA processing, is the potential interference of viral RNA processing. Although the shRNA and miRshRNA sequences in our design were expressed by an internal promoter, the viral genome transcribed by the viral LTR promoter presumably includes the shRNA and miRshRNA sequences. Although no significant differences in viral titer were observed in virus produced from transiently transfected cells, miRNA processing could potentially compromise the viral genome processing, viral particles production, and thus delay viral spread. However, data from replication kinetics of the three RRV-miRPDL1 configurations (H1, U6, and RSV) in LN-18 cells suggest that that viral production was not significantly compromised when miRshRNA are incorporated as part of the viral genome. It has been suggested that dimerization of the MLV RNA viral genomes could occur as early as during transcription.[@bib38] Thus, it is possible that the dimerization could prevent the initial processing of miRNA by Drosha in the nucleus. It is also possible that the formation of the secondary structure of miRNA could be prevented by the extensive base-pairing of the viral RNA genome sequence and, therefore, not amenable to miRNA processing by Drosha. The lack of impact on viral replication suggests that the majority of processing of shRNA and particularly the miRshRNA probably originated from the transcript mediated by the internal promoter. In addition, we also showed that there is no significant difference in downregulation activity among the H1, U6 Pol III promoters and the RSV Pol II promoter. However, a significant difference in GFP downregulation activity was observed between shRNA and miRshRNA configurations using the U6 promoter, suggesting that there is likely a difference in RNA processing efficiency between these two configurations to generate functional siRNA.

For RRVs expressing both yCD2 and miRshRNA, the decrease in yCD2 expression in RRV-RSV-yCD2 compared to RRV-yCD2 in which the yCD2 protein expression is mediated by IRES is probably due to promoter interference between the viral MLV and RSV LTR promoters as indicated by slightly slower replication kinetics of RRV-RSV-yCD2 compared to that of RRV-yCD2. It is unclear why the promoter interference has less effect on RRV-RSV-miRPDL1. On the other hand, the further decrease of yCD2 protein expression and the decrease in PDL1 downregulation activity seen in RRV-RSV-yCD2-miRPDL1 compared to RRV-RSV-yCD2 and RRV-miRPDL1 is probably attributable to additional factors other than promoter interference. One possible explanation is the mutually exclusive cellular compartmental allocation of the RSV-mediated transcript for miRNA processing and for yCD2 protein translation. A similar phenomenon was seen in RRV-RSV-yCD2-U6-miRPDL1 bearing two internal promoters (RSV and U6), except the PDL1 downregulation activity was significantly compromised. Another possible explanation could be limited accessibility of the RNA Pol II and the RNA Pol III polymerase complexes to their designated promoter. Although the two RNA polymerase complexes do not share the same transcriptional factors, steric hindrance issues may be responsible as the RSV-yCD2 and U6-miRPDL1 cassettes are located within 700 bp in proximity. Therefore, the drastic loss of PDL1 downregulation activity seen in RRV-RSV-yCD2-U6-miRPDL1 may be caused by a physical hindrance between the two RNA polymerase complexes in addition to vector instability as indicated by emergence of a deletion mutant.

One potential configuration we have not attempted to pursue is an RRV containing multiple miRshRNA cassettes. Although construction of multiple shRNA or miRshRNA cassettes have been reported in various expression vectors,[@bib17], [@bib22], [@bib39], [@bib40] incorporating such a design in an RRV genome could be technically challenging due to the repeated sequence in miRNA30-derived backbone in the same vector that may lead to early emergence of deletion mutants.

In conclusion, we present here multiple configurations of RRVs that allow miRshRNA expression and potent downregulation activity of targeted genes involved in suppression of anti-tumor immunity. Delivery of checkpoint inhibitors, such as RRV-miRPDL1, may provide an opportunity to target immune checkpoints from within tumors that are less or unresponsive to conventional approaches such as monoclonal antibodies. In addition, this approach seems likely to lead to an improved toxicity profile, as the treatment is cancer-selective and localized within the tumor microenvironment. The RRV-miRPDL1 approach may be used alone or in combination with other therapeutic agents to help activate the immune system against tumors, especially given the local immune activity safety profile.

Materials and Methods {#sec4}
=====================

Cell Culture {#sec4.1}
------------

293T cells were obtained through a materials transfer agreement with the Indiana University Vector Production Facility and Stanford University deposited with ATCC (SD-3515; lot no. 2634366). Human glioblastoma cell lines U87-MG (ATCC, HTB-14), LN-18 (ATCC, CRL-2610), PC-3 (ATCC, CRL-1435), MDA-MB-231BR, a brain-seeking sub-line of human breast cancer cell line MDA-MB-231 (a kind gift from Dr. Noriyuki Kasahara at University of Miami), and 293T cells were cultured in complete DMEM medium containing 10% FBS (Hyclone), sodium pyruvate, GlutaMAX (Thermo Fisher Scientific), and antibiotics at penicillin 100 IU/mL and streptomycin 100 IU/mL (Corning). Human melanoma cell lines Mel103 (a kind gift from Dr. Bernard A. Fox at Oregon Health & Science University) were cultured in completed RPMI medium containing 10% FBS (Hyclone), GlutaMAX (Thermo Fisher Scientific), and antibiotics at penicillin 100 IU/mL and streptomycin 100 IU/mL (Corning).

Construction of RRV-shGFP, RRV-miRGFP, RRV-shGFP, RRV-miRPDL1, and RRV-yCD2-miRPDL1 Plasmid DNA {#sec4.2}
-----------------------------------------------------------------------------------------------

RRVs derived from pAC3-yCD2[@bib41] containing human H1, U6 Pol III, or RSV Pol II promoter were generated to express conventional 21-nucleotide stem shRNA (shGFP and shPDL1) or microRNA30-derived shRNA with a 21-nucleotide stem as described[@bib37] against GFP (miRGFP), human *PDL1* (miRPDL1), human *IDO-1* (miRIDO1), or human *TGF-β2* (miRTGFb2) ([Table S4](#mmc1){ref-type="supplementary-material"} for sequences tested). RRVs expressing yCD2 and miR-PDL1 were designed to express both yCD2 and miRPDL1 from the RSV promoter (RRV-RSV-yCD2-miRPDL1) or from the RSV and U6 promoter separately (RRV-RSV-yCD2-U6-miR-PDL1). Each promoter-shRNA or promoter-miRshRNA cassette contains a restriction enzyme site Mlu I at the 5′ end and a Psi I at the 3′ end for direct replacement of the corresponding IRES-yCD2 cassette in the pAC3-yCD2 backbone ([Figure 1](#fig1){ref-type="fig"}). Sequences of all synthesized DNA fragments were confirmed by sequencing prior and post cloning into the RRV backbone.

Virus Production, Titer, and Infection {#sec4.3}
--------------------------------------

Virus stock was first produced by transient transfection of 293T cells using the calcium phosphate precipitation method.[@bib23] Viral titer from transiently transfected 293T cells was performed by qPCR as described.[@bib41] Viral infection was performed at a MOI of 0.1 in LN-18 cells and MOI of 1 in MDA-MB-231BR cells.

Viral Replication Kinetics by qRT-PCR {#sec4.4}
-------------------------------------

Viral replications were measured by qRT-PCR to quantify the amount of viral RNA present in supernatant over the course of infection. LN18 ells were seeded at 2 × 10^5^ cells/well/2 mL of 6-well plate 1 day prior to infection. The next day, virus supernatants collected from transient transfection in 293T cells were used to perform infection at a MOI of 0.1. Supernatants from infected cells were collected every 3 days during the course of infection, filtered through a 0.45 μM syringed filter, and stored at −80°C. At each collection time point, the cells number were counted and passaged at 1:8 cells in a total volume of 2 mL to a new 6-well plate. Twenty microliters of all viral supernatants that were used to extract viral RNA using the Promega Maxwell 16 system (Promega, cat. no. AS1270). The eluted RNAs were centrifuged at 14,000 rpm for 1 min to remove magnetic beads carried over in the extraction process, supernatants were subsequently transferred to a 0.2 mL tube and stored at −80°C.

Viral RNA purified from Toca 511 to generate a standard curve was performed in parallel with experimental samples as described.[@bib42] Purified RNAs were analyzed using one-step RT-qPCR with the Env2 primer set: Env2-F (5′-ACCCTCAACCTCCCC TACAAGT-3′); Env2-R (5′-GTTAAGCGCCTGATAGGCTC 3′); and probe (5′-TEX615/-AGCCACCCCCAGGAACTGGAGATAGA/3′IAbRQSp). RT-qPCR was performed using qScript XLT One-Step RT-qPCR ToughMix ROX (Quanta, cat. no. 95133-500) in a total reaction volume of 20 μL. Control reactions without RT were performed using iQ Supermix (Bio-Rad, cat. no. 170-8864). The RNA titer reported in copy/mL is determined from a six-log serial dilution RNA standard curve and without taking into the account of duplex viral RNA genomes per viral particle.

Selection of shGFP, miRGFP, shPDL1, and miRPDL1 with High Level of Downregulation Activity {#sec4.5}
------------------------------------------------------------------------------------------

U87-MG cells expressing GFP (U87/GFP) were generated by transduction with lentiviral vector (LV-CMV-GFP) at an MOI of 5 to achieve nearly 100% transduction and high GFP expressing level and U87/GFP cells were infected with RRV-shGFP or RRV-miR-PDL1 at a MOI of 0.1, 1, or 10. GFP expression level was monitored over a period of 30 days post infection and the GFP downregulation activity was quantified by flow cytometric analysis (see below) and compared to uninfected U87/GFP cells.

LN-18 cells, which have detectable basal PDL1 cell surface expression and can be further upregulated by IFNγ ([Figure S3](#mmc1){ref-type="supplementary-material"}), were used for selecting desirable shPDL1 and miR-PDL1 constructs. Cells were infected with RRV-shPDL1 or RRV-miRPDL1 at a MOI of 0.1. PDL1 cell surface expression was measured at day 14 post infection at which time maximal infectivity has been reached. PDL1 upregulation by IFNγ was performed in maximally RRV-shPDL1 and RRV-miR-PDL1 infected cells by adding 500 IU/mL recombinant human IFNγ (R&D System, cat. no. 285-IF-100/CF) for 36 hr before harvesting the cells for flow cytometric analysis.

Quantification of *PDL1* and *OAS1* RNA Expression by qRT-PCR {#sec4.6}
-------------------------------------------------------------

RNA was extracted from infected cells using the RNeasy Kit with DNase I treatment (Qiagen). Reverse transcription was carried out with 100 ng total RNA using a High Capacity cDNA Reverse Transcription Kit (ABI). qPCR was performed using TaqMan Universal PCR Master Mix, No AmpErase UNG (ABI, P/N no. 4324018) and TaqMan gene expression primers (ABI), (ID no. Hs01125301_m1 for *PDL1*, ID no. Hs00973637_m1 for *OAS1*, and Hs99999905_m1 for *GAPDH*) according to manufacturer's protocol. *PDL1* relative expression is calculated using the 2^−ΔΔ^ ^(Ct)^ method, with respect to expression in uninfected cells and converted to percentage. Experiment in which U87-MG cells were treated with exogenous recombinant human IFNα2a (PBL Interferon Source, product no. 11100-1, at 200 U/mL), the treatment was applied to the culture medium approximately 16 hr prior to cell harvest for RNA extraction.

Quantification of GFP and PDL1 Protein Expression Levels by Flow Cytometry {#sec4.7}
--------------------------------------------------------------------------

RRV-shGFP and RRV-miRGFP infected U87-MG/GFP cells were harvested at the time which maximal infectivity has been reached. GFP protein expression levels were quantified by measuring mean fluorescence intensity (MFI). The MFI of uninfected U87-MG/GFP cells was set to 100% and used to quantify the relative percentage of GFP expression in the RRV-shGFP and RRV-miRGFP infected U87/GFP cells.

RRV-shPDL1 or RRV-miRPDL1 infected cells were harvested using cell dissociation buffer (10 mM EDTA/PBS) and washed with autoMACS Rinsing Solution containing 10% BSA (Milteny Biotec, cat. no. 130-091-222 and 130-091-376). Cell pellets were resuspended in 100 μL autoMACS Rinsing Solution with isotype control (eBioSciences, cat. no. 12-4714) or anti-human PDL1-PE-conjugated antibody (eBioSciences, cat. no. 12-5983) according to the manufacturer's protocol. Stained cells were washed with autoMACS Rinsing Solution and resuspended in 600 μL autoMACS Rinsing Solution for flow cytometric analysis. PDL1 cell surface expression was quantified by subtracting the MFI value from isotype control, and the relative expression level was quantified by setting the MFI of IFNγ-treated, but uninfected cells to 100%.

Immunoblot {#sec4.8}
----------

Maximally infected LN-18 cells were harvested and lysed for immunoblotting. Equal amounts of proteins from lysates were resolved on Criterion XT Precast Gel 4%--12% Bis-Tris Gels (Bio-Rad, cat. no. 345-0124). Mouse anti-human GAPDH (Millipore, cat. no. MAB374) antibody at 1:500 dilution was used to detect the expression of GAPDH, and mouse anti-yCD2 (Tocagen, clone 9A10F1) antibody at 1:1,000 dilution was used to detect the expression of yCD2 protein. Detection of protein expression was visualized using Clarity Western ECL Substrate (Bio-Rad, cat. no. 170-5060). Quantification of yCD2 protein expression level was obtained using the Quantity One Image Software version 4.6.7 (Bio-Rad). Ratios of measured GAPDH pixel density relative to U87-MG cell infected with IRES-yCD2 were used to normalize yCD2 expression levels.

Vector Stability Assay {#sec4.9}
----------------------

Vector stability was measured from genomic DNA of maximally infected U87-MG cells after one round of infection at a MOI of 0.1 in U87-G or LN-18 cells. PCR was performed using the following primers: 5--127 (forward): 5′-CTGATCTTACTCTTTGGACCTTG-3′ and 3--37 (reverse): 5′-CCCCTTTTT CTGGAGACTAAATAA-3′. The PCR cycling parameters were 94°C 2 min; followed by 30 cycles of 94°C 15 s; 62°C 30 s; and 72°C 1 min. Approximately 50 ng of genomic DNA and SuperTaq Polymerase (Thermo Fisher Scientific, cat. no. AM2052) were used for PCR. One-fifth of the PCR reaction was loaded on 1% agrose gel for electrophoresis analysis.

Trans-suppression of PHA-Stimulated Human PBMC by Co-culturing with PDL1 Expressing Tumor Cells {#sec4.10}
-----------------------------------------------------------------------------------------------

Cryopreserved PBMCs were collected anonymously from healthy volunteer donors who were Tocagen employees with oversight provided by the Tocagen Safety Committee. Dissociated cells from various non-donor-matched (allogeneic) tumor cell lines were treated with 50 μg/mL mitocycin C (Sigma-Aldrich, cat. no. M7949) at 37°C for 30 min followed by three washes with PBS to remove mitomycin C. Co-culture of tumor cells (2.5 × 10^5^) and PBMC (5 × 10^5^) treated with 1 or 10 μg/mL PHA (Sigma-Aldrich, cat. no. L1668) were seeded in 48-well plates in a final volume of 600 μL AIM V per well (Thermo Fisher Scientific, cat. no. 12055083) in the presence of 10% human serum AB (Sigma, cat. no. H4522-100mL) and 600 IU/mL recombinant human IL-2 (Proleukin from Prometheus Laboratories) for 72 hr. Approximately 8--10 hr prior to performing intracellular cytokine staining, 0.5 mL supernatant from stimulated co-cultured cells were removed for IFNγ ELISA and cells were replenished with equal volumes of fresh medium followed by treatment with 1 μL of Golgi Plug (BD Biosciences, cat. no. 555029). In some experiments, blocking antibody against PDL1 (clone 29E.2A3, BioLegend) and PD1 (clone EH12.1, eBioscience) were added to some wells at 10 μg/mL at the time of PHA stimulation.

ELISA and Intracellular Staining of IFNγ and TNF-α in PBMCs {#sec4.11}
-----------------------------------------------------------

IFNγ ELISA was performed using the human IFNγ ELISA set (BD Biosciences, cat. no. 555142) according to manufacturer's protocol. Co-staining of human IFNγ and TNF-α in PBMCs were performed using PE-conjugated anti-IFNγ (clone 4S.B3, eBiosciences, cat. no. 12-7319-82) and APC-conjugated anti-TNF-α (BD Biosciences, cat. no. 554514) antibodies according to manufacturer's recommendation.
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![Schematic Diagram of Plasmid DNA of RRVs Expressing shRNA, miRshRNA, and yCD2-miRshRNA\
shRNA, miRshRNA, and yCD2-miRshRNA in various configurations inserted downstream of the 3′ UTR at Mlu I and Not I restriction sites. The filled arrowheads indicate primer set (5--127 and 3--37) used for endpoint PCR to evaluate the integrity of insert in proviral DNA. The open arrowheads indicate primer set used for qRT-PCR to measure the viral genome expression in the supernatant of RRV infected cells. The numbers indicate the lengths in base pair of inserts or PCR products for each configuration.](gr1){#fig1}

![RRV-U6-miRGFP Has Higher GFP Downregulation Activity than RRV-U6-shGFP and Does Not Trigger IFN Response\
(A) RRVs produced from transient transfection in 293T were used to infect U87-MG/GFP cells at a MOI of 0.1 (see [Figure S1](#mmc1){ref-type="supplementary-material"} for MOI of 1 and 10). The GFP downregulation activity was evaluated and quantified by flow cytometric analysis for MFI. Both uninfected cells and cells infected with RRV-yC2 were included as a positive control. The percentage of GFP downregulation is relative to the uninfected cells. The data shown represent mean ± SD of triplicates performed from one of multiple independent experiments. (B) Vector stability of RRV-U6-shGFP and RRV-U6-miRGFP using genomic DNA from infected U87-MG/GFP cells at 30 days post infection was analyzed by endpoint PCR. The DNA molecular marker (1 Kb Plus marker, Invitrogen) is included in the first lane. The right and left arrows indicate the expected size of the PCR products for the RRV-shGFP (514 bp) and for the RRV-miRGFP (844 bp), respectively. (C) Induction of *OAS1* gene expression induced by IFN response in U87-MG cells infected with RRV-U6-shGFP or RRV-U6-miRGFP at a MOI of 0.1, 1, and 10. U87-MG cells treated with exogenous recombinant human IFNα were included as positive control. The values are presented as the means ± SD of triplicates.](gr2){#fig2}

![Vector Characterization of RRVs Expressing miRshRNA\
(A) Replication kinetics of RRV-miRGFP and RRV-miRPDL1. The viral genome in the supernatants of infected LN-18 cells (MOI of 0.1) at indicated time points were quantified by qRT-PCR using primer set targeted to the env region ([Figure 1](#fig1){ref-type="fig"}). RRV-yCD2 was included as a positive control. A paired t test was performed and showed no statistically significant difference in replication kinetics between RRV-miRGFP versus Toca 511 (p = 0.0778) and between RRV-miRPDL1 versus Toca 511 (p = 0.1915). (B) *PDL1* gene expression in RRV-miRPDL1 infected LN-18 cells relative to uninfected cells. The values presented are means ± SD of triplicates. (C) LN-18 cells infected with RRV-miRPDL1 were stained for PDL1 cell surface expression with PDL1 antibody and analyzed by flow cytometry. The histogram shown represents data from one of the three independent experiments. (D) PDL1 cell surface expression in RRV-miRPDL1 infected LN-18 cells relative to uninfected cells. The values presented are means ± SD of three independent experiments. (E) Vector stability of RRV-miRPDL1 in LN-18 cells was analyzed by endpoint PCR at 14 and 30 days post infection. The DNA molecular marker (1 Kb Plus marker, Invitrogen) is included in the first lane. positive control using plasmid DNA as the template, +. The arrow indicates the expected size of the PCR products (844 bp).](gr3){#fig3}

![RRV-RSV-miRPDL1 and RRV-H1-miRPDL1 Exhibit Comparable PDL1 Downregulation Activity as RRV-miRPDL1\
(A) Replication kinetics of RRV-RSV-miRPDL1 and RRV-H1-miRPDL1. The viral genome in the supernatants of infected LN-18 cells (MOI of 0.1) at indicated time points were quantified by qRT-PCR using primer set targeted to the *env* region ([Figure 1](#fig1){ref-type="fig"}). RRV-yCD2 and RRV-miRPDL1 (indicated as U6-miRPDL1 in the graph) were included as positive controls. (B) Vector stability of RRV-RSV-miRPDL1 and RRV-H1-miRPDL1 in LN-18 cells was analyzed by endpoint PCR at 14 and 30 days post infection. Lanes 1 and 6: DNA molecular marker (1 Kb Plus marker, Invitrogen); lanes 2, 4, and 7 are positive controls using the corresponding plasmid DNA as the templates; lane 3: RRV-H1-miRPDL1; lane 5: RRV-RSV-miRPDL1; and lane 8: RRV-miRPDL1. The arrow indicates the expected size of the PCR products. (C) LN-18 cells infected with RRV-miRPDL1 (U6), RRV-H1-miRPDL1 (H1), and RRV-RSV-miRPDL1 (RSV) were stained for PDL1 cell surface expression with PDL1 antibody and analyzed by flow cytometry.](gr4){#fig4}

![RRV-RSV-yCD2-miRPDL1 and RRV-RSV-yCD2-U6-miRPDL1 Express yCD2 Protein and Exhibit PDL1 Downregulation Activity\
(A) Replication kinetics of RRV-RSV-yCD2-miRPDL1 and RRV-RSV-yCD2-U6-miRPDL1. The viral genome in the supernatants of infected LN-18 cells (MOI of 0.1) at indicated time points were quantified by qRT-PCR using primer set targeted to the *env* region ([Figure 1](#fig1){ref-type="fig"}). A paired t test was performed and showed no statistically significant difference in replication kinetics between RRV-RSV-yCD2-miRPDL1 versus RRV-RSV-yCD2 (p = 0.0649) and RRV-RSV-yCD2-U6-miRPDL1 (p = 0.0801). RRV-yCD2, RRV-RSV-yCD2, and RRV-miRPDL1 (indicated as U6-miRPDL1 in the graph) were included as positive controls. (B) Vector stability of RRV-RSV-yCD2-miRPDL1 and RRV-RSV-yCD2-U6-miRPDL1 in LN-18 cells was analyzed by endpoint PCR at 14 days post infection. Lane 1: DNA molecular marker (1 Kb Plus marker, Invitrogen); lanes 2, 4, and 6 are positive controls using the corresponding plasmid DNA as the templates; lane 3: RRV-RSV-miRPDL1; lane 5: RRV-RSV-yCD2-miRPDL1; and lane 7: RRV-RSV-yCD2-U6-miRPDL1. The arrows indicate the expected size of the PCR products (844 bp for RRV-RSV-miRPDL1; 1,326 bp for RRV-RSV-yCD2-miRPDL1; and 1,591 bp for RRV-RSV-yCD2-U6-miRPDL1). (C) yCD2 protein expression in LN-18 cell infected with RRV-yCD2, RRV-RSV-yCD2, RRV-RSV-yCD2-miRPDL1, RRV-RSV-yCD2-U6-miRPDL1, and naive cells. GAPDH is included as loading control. The numbers shown on the bottom of the immunoblot indicate fold change of yCD2 protein expression relative to RRV-yCD2. (D) LN-18 cells infected with RRV-RSV-miRPDL1, RRV-RSV-yCD2-miRPDL1, and RRV-RSV-yCD2-U6-miRPDL1 were stained for PDL1 cell surface expression with PDL1 antibody and analyzed by flow cytometry.](gr5){#fig5}

![Downregulation of PDL1 by RRV-miRPDL1 Restores PHA-Stimulated T Cell Activation In Vitro\
(A) PHA-induced PBMCs were cultured alone or co-cultured with Mel 103 cells or Mel 103 cells overexpression PDL1 (Mel 103/LV-PDL1). IFNγ production in the supernatant was measured by ELISA. (B) PHA-induced PBMCs were cultured alone or co-cultured with LN-18 parent cells or LN18 cells infected with RRV-miRPDL1 (LN18/KD). IFNγ production in the supernatant was measured by ELISA. (C) PHA-stimulated PBMCs were cultured alone or co-cultured with RRV-miRGFP infected MDA-MB-231BR cells in the presence or absence of anti-PDL1 and anti-PD1 antibody and compared to that co-cultured with RRV-miRPDL1 infected MDA-MB-231BR cells. The intracellular IFNγ expression in the CD3^+^/CD8^+^ gated population was analyzed by flow cytometry. The values present percentage of IFNγ^+^ cells from one of multiple experiments.](gr6){#fig6}
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